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Simulation of Drilled Pier Behavior under Three-Dimensional loading
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SYNOPSIS: A three-dimensional nonlinear finite element procedure is presented for analysis of
drilled (concrete) piers. The procedure allows for tensile cracking and compressive crushing
of concrete, nonlinear behavior of soil, and simultaneous application of axial and lateral
loads.
The procedure is employed to investigate the ultimate capactiy of a 45 ° under reamed
pier.
The predicted results are. compared with the field test conducted on a similar pie:.
Also, distribution of displacements and stresses in the soil-pier system and crack pattern ~n
the pier are presented and discussed.
INTRODUCTION
Drilled (concrete) piers are used frequently
as foundations for various types of structures such as buildings, bridges, and transmission towers, among others.
They may be
drilled as straight shafts or shafts with enlarged bottoms, called "underreamed or belled
piers," to increase the bearing area of the
pier. A schematic of an underrearned pier can
be seen in Fig. 1.

The purpose of this paper is to present a
three-dimensional nonlinear finite element
analysis of a 45° underreamed drilled pier
loaded axially until failure.
The generalized plasticity model developed by Desai
and Muqtadir ( 1984) is adopted to describe
the nonlinear behavior of soil.
Tensile
cracking and compressive crushing of concrete
are modeled using a linearly elastic fracture
model {Chen and Saleeb, 1982). The predicted
results for displacements and stresses are
compared with the field observations.

Drilled piers are often designed and constructed to provide resistance to axial loads
as well as lateral loads and moments from
superstr~ctures.
An underrearned drilled pier
subjected to a general type of loading requires
three-dimensional
(3-D)
analysis.
However, due to the complexity involved in
the associated soil-structure interaction
problems, 3-D analysis has been rarely pursued. Most of the previous studies have been
overly idealized in nature (see e.g., Tand
and O'Neil, 1977; Farr, 1974; Zaman and
Uppal, 1987) .

~,,"'

/
, - FE Ida&l.int:!.on

"\

//

~<:----,--------+--2.54'

-1

-ss·

3-D FINITE ELEMENT MODELING OF A DRILLED PIER
Nonlinear Finite Element Procedure
A
three-dimensional
8-noded
hexahedral
isoparametric element having twenty four degrees of freedom is used to discretize the
required continuum.
The soil is assumed to
behave as an elasto-plastic material.
The
concrete is assumed to behave as an isotropic
material before cracking and as an anisotropic material after cracking.
An incremental iterative scheme is employed for the
nonlinear finite element solution.
This
technique uses the standard Newton-Raphson
method in which the system tangential stiffness is updated at the beginning of each iteration. The desired constitutive models are
implemented at element integration points
rather than having the entire element change
properties at one time.
Material Models
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The nonlinear behavior of soil is represented
by the generalized plasticity model developed
by Desai and Faruque {1984). The concrete is
assumed to have a perfectly brittle behavior
that is modeled by a linearly elastic fracture model (Chen and Saleeb, 1982). A brief
discussion of this model is presented in this
section,
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Fig. 1

Schematic of the field test pier
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Concrete in Tension

Concrete in Compression

The stress-strain relation matrix for uncracked concrete is described by the generalized Hooke's law.

In
this
analysis,
the
concrete
is
assumed to behave as an elastic material and
the Drucker-Prager failure envelope is used
to define the elastic limit. The concrete is
assumed to crush and lose all its strength
once the fracture surface is reached. Also,
at the instant of crushing all stresses in
concrete are released completely and redistributed to the neighboring elements.

The tension cutoff failure criterion is used
for checking the fracture (cracking) of concrete in tension. A cracking plane is assumed
to occur when the tensile stress in a principal direction, at a point in the material,
exceeds the tensile strength of concrete,
assumed equal to the modulus of rupture of
concrete
(ASCE,
1981).
The
cracks
are
assumed to be smeared rather than discrete
and form perpendicular to the principal
direction.
The normal stiffness of cracked
concrete perpendicular to the cracking plane
and shear stiffness along the cracking plane
are assumed to vanish. It is further assumed
that at the instant of cracking, the normal
stress perpendicular to the cracking plane
and the shear stresses parallel to the
cracking plane are released completely and
redistributed
to
the
adjacent
elements.
The incremental stress-strain relation for
post-cracking behavior (see Fig. 2) can be
expressed as

The stress components to be released are
converted to nodal forces and applied to the
system.
The system is reanalyzed and the
procedure is repeated until the equilibrium
conGition is satisfied within some acceptable
tolerance. Further details are not presented
here because of page limitation but can be
found elsewhere (Houssamy, 1987).
NUMERICAL APPLICATION
Finite Element Idealization
The finite element (FE) procedure, described
in the preceding section, is used to simulate
the field load test of an axially loaded 45°
underreamed pier conducted by Sheikh, et al.
(1983).
Figure 1 shows a schematic of the
test pier.
Considering the symmetric geometry and loading of the problem, only one half
of the pier and surrounding soil block is analyzed in this study. Note that such an idealization is required to analyze a pier under
lateral loading although such loading is not
specifically considered here.
The 3-D (FE)
mesh used for the discretization of the pier
is shown in Fig. 3.
It should be emphasized
that for simplicity the finite element idealization adopted herein does not include a
reamer seat or toe. The mesh consists of 632
elements connected at 982 nodes.
The total
number of active degrees of freedom is found
to be 2189.

(1)
where,
{~c}

{~cr}

incremental stress
incremental strain vector,
•

vector,
{cr} k
c

released stress vector, [D]ck = incremental
constitutive relation matrix
of
cracked
concrete in the local coordinate system
(x'y'z')
with x'
denoting the offending
principal stress direction, and [T]
the
desired transformation matrix from local to
global coordinate system (xyz).
Once the cracked plane has formed, its direction becomes fixed for subsequent loading. A
second cracked plane can form perpendicular
to the first cracked plane when the tensile
stress in the concrete between the cracks has
reached the tensile stress limit.
In this
case, a new cracking stress-strain relation
matrix [D] ~k is formulated to describe the
current cracking configuration.
After the cracking of concrete in two directions, the state of stress in the cracked
concrete is reduced to uniaxial state.
A
third cracked plane can form perpendicular to
the first and second cracked planes, after
which the concrete is assumed to lose its
stiffness completely.

y'

Fig. 2

~··

Fig. 3

Cracking of concrete and state of
stress after cracking

1506
Second International Conference on Case Histories in Geotechnical Engineering
Missouri University of Science and Technology
http://ICCHGE1984-2013.mst.edu

3-D Finite element mesh

The material properties and constants
for the analysis are summarized below:
Concrete
,
Compressive strength (fcl

used

the pier and surrounding soil experience
essentially ver.tical downward movements. The
pier settles down as a rigid body compressing
the soil underneath it.
A significant settlement of the soil adjacent to the pier is
also noticed.
This is due to the fact that
perfect bond (no slip) is assumed between the
pier shaft and soil.

3,250 psi

Modulus of rupture (Frl

441 psi

Modulus of elasticity (Eel= 3 x 10 6 psi
0.2

Poisson's ratio (vel
Soil
Modulus of elasticity (Esl
Poisson's ratio (vs)

4,800 ksi
!::l!:

X

0

.

0.5

The following parameters were assigned for
the generalized plasticity model for soil:
failure envelope, a = 0.002, y = 0.0008 ksi,
k = 0.0185 ksi; hardening parameters, aa =
0.0001 and n = 0.01

.

.

The field test failure load (750 kips) was
applied in eight increments; the first seven
increments were 100 kips each.
DISCUSSION OF RESULTS
FIELD TEST DATA

AND

COMPARISON
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Load-Deformation Behavior

F

E

The load-settlement curve for the top of the
pier is compared in Fig. 4.
In the field
test, a plunging failure was observed and no
evidence of structural failure of the pier
shaft or bell
could be
observed.
The
failure, defined by a large increase in the
rate of settlement of the footing, occurred
at a load of 750 kips.
The FE model
predicted a similar type of failure and the
ultimate capacity of the pier was dictated by
the failure of soil, however, the FE results
underestimated the field observations (see
Fig. 4) •
This can be partly attributed to
the fact that an average value of the modulus
of elasticity was assumed for the soil
medium, although the actual soil was layered.

Fig. 5

600 kips)

Displacement field at (P

Stress Distribution in Soil Mass
The distribution of normal stress component,
~
, at the integration points of elements
zz
surrounding the pier is shown in Fig. 6 at
600 kips load. The normal stresses (crzz) are
symmetrically distributed as expected.
The
maximum compressive stresses
(positive in
this analysis) appear to exist beneath the
bell with concentration near the edge.
z
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Fig. 4

Load-settlement curve

Typical distribution of displacement
field of the pier-soil system at the vertical
section I (see Fig. 3) passing through the
center of the pier is shown in Fig. 5, for an
axial load of 600 kips. It is observed that

Fig. 6

soil elements at P = 600 kips
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Distribution of stresses crzz (ksi) in

Stress Distribution in Pier

crushing of concrete are considered.
The
procedure is used to simulate the field behavior of a 45°-underreamed drilled pier.
The predicted results compare favorably with
actual observations. The proposed procedure
can be used effectively to analyze the deformation response of drilled piers under truly
three-dimensional loading.

The distribution of maximum and m~n~mum principal stresses in the pier are shown in Figs.
7 and 8, respectively, at an axial load of
600 kips.
It is observed that the maximum
compressive (about 0. 8 ksi) stresses in the
shaft are not critical and far less than the
compressive strength of concrete. From Fig.
8, it is observed that tensile principal
stresses of critical magnitudes tend to concentrate at the bottom of underream near the
center. This indicates that higher tensile
stresses will be induced eventually under increased loads, and cracking is expected to
occur in this region. Minor cracking actually occurred, in the present analysis, after
the pier was subjected to 700 kips load (considered here as failure load). Fig. 9 shows
the crack pattern in the pier.

I CRACKED INTI!:Gi'IRTION PCINT

IS CRUSHED IHTEGfiRTION POINT

p. 600 k

Fig. 9

Crack pattern at P

700 kips
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CONCLUDING REMARKS
A nonlinear finite element procedure for
three-dimensional analysis of drilled piers
is presented. The nonlinear behavior of soil
as well as tensile cracking and compressive
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